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cycling performance.
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Integration of MnO@graphene with graphene
networks towards Li-ion battery anodes†
Wei Guo,a Xiu Li,b Dickon H. L. Ng*c and Jianmin Ma*bd
In this work, we have directly integrated MnO@graphene with gra-
phene networks through the thermal decomposition of a Mn–oleate
complex in an Ar atmosphere at high temperatures. By introducing
dual protective graphene shells and networks, the as-synthesized
MnO/graphene composites exhibited superior cycling performance.
Lithium ion batteries (LIBs) have received a great deal of success
in the eld of portable electronics, and have attained increasing
attention in the eld of transportation.1,2 With further devel-
opment of these elds, higher-capacity LIBs have been required.
Since transition metal oxides (TMOs) have higher theoretical
capacities than carbon anodes, TMO-based anodes have been
intensively studied in the past decade.3–12 Among them, MnO
has a high theoretical capacity of 775 mA h g1 (ref. 13) and is
low-cost in comparison with other metals due to the abundance
of manganese resources. Two intrinsic problems exist, however,
for MnO-based anodes, low electrical conductivity and large
volume changes during battery cycling, which lead to low
coulombic efficiency and cyclability. To solve these problems,
much effort has been devoted to constructing MnO@C core–
shell composites,14–19 MnO/graphene composites,20–23 and MnO/
carbon composites,24–29 which could potentially accommodate
the volume changes. Core–shell structures hardly suppress the
volume changes in anodes during battery cycling. TMO/
graphene composites have been suggested as advanced
anodes,20–23 since elastic graphene sheets can accommodate the
volume changes during battery cycling, although they usually
show poor electrical conductivity, because there are junction
contact resistances and structural defects in ultrathin nano-
sheets derived from the chemical synthesis process.30 Thus, it is
still a big challenge to construct MnO-based anodes that
address both the electrical conductivity and the volume change
problems.
In this work, we have successfully developed a one-step
synthetic route to prepare MnO@graphene with graphene
networks (MnO@G/GNs), just simply through the thermal
decomposition of Mn–oleate complex in Ar atmosphere at high
temperatures. The as-synthesized MnO@G/GNs have the dual
functional effect of ultrathin graphite towards improving
conductivity and accommodating the volume changes, as re-
ported for the example of Ge-based anodes by Guo's group.31
The optimized material shows a discharge capacity of 820 mA h
g1 aer 50 cycles at a specic current of 50 mA g1, and even
500 mA h g1 at a specic current of 1600 mA g1.
The structural characterization of the as-synthesized
MnO@G/GNs samples was conducted by X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and thermogravimetric analysis (TGA). Fig. 1a presents
the XRD patterns of the as-prepared MnO@G/GNs-700,
MnO@G/GNs-850, and MnO@G/GNs-1000, which can be well
indexed to cubic phase MnO (JPDS 78-0424).32 As shown in
Fig. 1b and S1 in the ESI,† all the Raman spectra of the as-
prepared MnO@G/GNs-700, MnO@G/GNs-850, and MnO@G/
GNs-1000 show four remarkable peaks centered at around
646, 1340, 1589, and 2643 cm1, respectively. Among them, the
peaks centered at around 1340 and 1589 cm1 can be assigned
to the defects or disorder (D band) and the E2g mode (G band),
respectively, while the one at 2643 cm1can be assigned to the
graphene 2D peak.33 As shown in the XPS spectra (Fig. 1c and
S2†), the signals for the elements manganese, oxygen, and
carbon are generated from the MnO and the graphene,
respectively. The four signals at 641.2, 652.8, 532.4, and 284.6 eV
are assigned toMn 2p3/2, Mn 2p1/2, O 1s, and C 1s, respectively.34
According to the TGA results, the carbon content for the as-
prepared MnO@G/GNs-700, MnO@G/GNs-850, and MnO@G/
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GNs-1000, are evaluated to be about 13.2 wt%, 12.8% and 9.9%,
respectively. Fig. S3† and 1d show the N2 adsorption–desorption
isotherms and their corresponding pore size distribution curves
for the as-prepared MnO@G/GNs. The Brunauer–Emmett–
Teller (BET) specic surface areas for MnO@G/GNs-700, MnO@G/
GNs-850, and MnO@G/GNs-1000 are 21.6, 8.9, and 7.1 m2 g1,
respectively. The pore size distributions (insets of http://
www.nature.com/srep/2014/140306/srep04229/full/srep04229.html
Fig. S3† and 1d) suggest that the MnO@G/GNs samples have
numerousmesopores, which are expected to facilitate access of the
electrolyte to the internal active materials.
Themorphology of the as-synthesizedMnO@G/GNs samples
was characterized by scanning electron microscopy (SEM) and
transition electron microscopy (TEM), respectively. Fig. 2a–c
show SEM images of the as-prepared MnO@G/GNs-700,
MnO@G/GNs-850, and MnO@G/GNs-1000, respectively. In
Fig. 2a–c, one can see that all the samples are composed of
nanoparticles, linked with ultrathin nanosheets. In the TEM
images (Fig. 2d–f), the nanoparticles are embedded in ultrathin
nanosheets for the three samples. In addition, coating layers
can be observed on the surfaces of the three samples in the
high-magnication TEM (HR-TEM) images (Fig. 2g–i). Both the
coating thickness and the thickness of the graphene are limited
to within ten layers.
The formation of MnO@G/GNs can be well explained as due
to the growth of MnO via the thermal decomposition of Mn–
oleate complex and the growth of graphene. MnO is easily
formed at high temperatures due to the thermal decomposition
of the Mn–oleate complex, which is similar to the formation of
MnO nanocrystals in solutions at high temperatures.35–37 The
formation of graphene is associated with the carbonization of
oleate anions at high temperatures. The organic moieties could
be easily formed into sheet-like structure due to the two-
dimensional characteristics of carbon.38 Thus, the graphene
could be formed. In addition, due to the formation of MnO
nanocrystals, the carbon coating layer of MnO nanocrystals
could be formed at the same time. In our previous works, oleic
acid was used as the carbon source for the coating layer on the
surface of nanoparticles (TiN, NiO, and Nb2O5).39–41 Interest-
ingly, graphene was formed as the coating layer in the
composite, which is different from our previous work. This
might be associated with the amount of oleic acid and the kinds
of metal ions. MnO@G/GNs are expected to have excellent
electrochemical performance when used as anode materials for
LIBs due to the two types of protective graphene layers, which
improve conductivity and accommodate its volume changes,
thus leading to enhanced electrochemical lithium-storage
performance.
The electrochemical performance of the MnO@G/GNs was
evaluated by cyclic voltammetry (CV) and galvanostatic
discharge/charge tests. Fig. 3a shows the CV curves of the
MnO@G/GNs-850 electrode for the initial three cycles at a scan
rate of 0.1 mV s1 in the voltage range of 0.01–3 V vs. Li. In the
rst cycle, the cathodic peak at0.15 V, which shis to 0.42 V in
the subsequent cycles, was ascribed to the complete reduction
of Mn2+ to MnO. The positive shi of the cathodic peak was due
to the improved kinetics of the MnO@G/GNs-850 electrode. The
oxidation peak at1.32 V was attributed to the oxidation of Mn0
to Mn2+ in the cathodic process.36 Fig. 3b shows the charge–
discharge voltage proles of the MnO@G/GNs electrodes at
a current density of 50 mA g1 within a voltage window of 0.01–
3.0 V (vs. Li+/Li) for the initial three cycles. As shown in Fig. 3b,
a plateau at around 1.25 V for MnO@G/GNs-850 is observed in
the charge curves, while the corresponding discharge plateau is
located at 0.5 V. This is similar to the reported literature. Fig. 3c
and S4† show the cycling performances of the as-prepared
MnO@G/GNs at 50 mA g1 in the voltage range of 0.01–3.0 V.
The discharge capacity for MnO@G/GNs-850 signicantly
decreases from 1040 mA h g1 for the 1st cycle to 845 mA h g1
for the 2nd cycle, and then stabilizes at above 830 mA h g1,
respectively. The capacities for MnO@G/GNs-700 and MnO@G/
GNs-1000 obviously decrease, however, to 634 and 690 mA h g1
aer 50 cycles. The coulombic efficiency of MnO@G/GNs
Fig. 1 (a) XRD patterns, (b) Raman spectra, and (c) XPS spectra of
MnO@G/GNs-700, MnO@G/GNs-850, and MnO@G/GNs-1000; (d)
nitrogen absorption–desorption isotherms and pore size distribution
(inset) of MnO@G/GNs-850.
Fig. 2 (a–c) SEM images of MnO@G/GNs-700, MnO@G/GNs-850,
and MnO@G/GNs-1000; (d–f) TEM images of MnO@G/GNs-700,
MnO@G/GNs-850, and MnO@G/GNs-1000; (g–i) HR-TEM images of
MnO@G/GNs-700, MnO@G/GNs-850, and MnO@G/GNs-1000.
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stabilizes at about 100%, except for the 1st cycle. Fig. 3d shows
the rate capability of the as-prepared MnO@G/GNs, which
indicates a decreasing trend in capacity with increasing current
rate. Compared with MnO@G/GNs-700 and MnO@G/GNs-1000,
MnO@G/GNs-850 exhibits higher discharge capacities at the
same current densities. When the current density increases
from 100mA g1 to 200, 400, 800, and 1600 mA g1, the capacity
of MnO@G/GNs-850 drops from 783 mA h g1 to 742, 645, 576,
and 493 mA h g1, respectively. When the current density goes
back to 100 mA g1, the specic storage capacity of MnO@G/
GNs-850 can reach 801 mA h g1.
The morphology of the MnO@G/GNs-700 electrode over 50
discharge/charge cycles was studied. Compared to the fresh
MnO@G/GNs-850 electrode (Fig. 4a), the electrode aer the 50th
cycle has completely collapsed due to the instability of MnO
structure, as shown in Fig. 4b and c. The ultrane MnO nano-
particles were dispersed on the graphene nanosheets aer 50
discharge/charge cycles, as observed in the elemental mapping
results (Fig. 4d). Both the small size of the MnO nanoparticles
and the electronically conductive graphene facilitate lithium-
ion and electron transfer and improve the rate capability with
their synergistic effects. The MnO nanoparticles with small size
have smaller volume changes. Graphene nanosheets can effec-
tively buffer the volume changes and inhibit the aggregation of
MnO during the lithium-ion insertion/exaction. Additionally,
the integrated electrode structure facilitates the improved
electrical conductivity, structural exibility, and chemical
stability of the hybrid electrode, leading to signicant
enhancement of the utilization efficiency of the active manga-
nese oxide and the discharge/charge capacity at large current
densities.
Conclusions
In conclusion, we have successfully fabricated MnO/G/GNs
composites through the thermal decomposition of Mn–oleate
complex in Ar atmosphere at high temperatures. By introducing
dual protective graphene shells and networks, we improved the
battery cycling performance of the as-synthesized MnO@G/GNs
over those of previous composites. Such a simple strategy
provides a simple and versatile route to integrate metal oxides
and graphene in composites to form high-capacity electrode
materials with excellent cycling properties.
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